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The phenotype of ¢broblasts repopulating experimental
wounds in vivo has been shown to in£uence both wound
healing responses and clinical outcome. Recent studies
have demonstrated that the human homeobox gene
PRX-2 is strongly upregulated in ¢broblasts within fe-
tal, but not adult, mesenchymal tissues during healing.
Di¡erential homeobox gene expression by ¢broblasts
may therefore be important in mediating the scarless
healing exhibited in early fetal wounds. RNase protec-
tion analysis demonstrated that murine Prx-2 expres-
sion was involved in fetal but not adult wound healing
responses in vitro. Using ¢broblasts established from
homozygous mutant (Prx-2/) and wild-type (Prx-2þ /þ )
murine skin tissues it was demonstrated that Prx-2
a¡ected a number of fetal ¢broblastic responses believed
to be important in mediating scarless healing in vivo;
namely cellular proliferation, extracellular matrix reor-
ganization, and matrix metalloproteinase 2 and hya-
luronic acid production. These data demonstrate how
Prx-2 may contribute to the regulation of fetal, but not
adult, ¢broblasts and ultimately the wound healing
phenotype. This study provides further evidence for
the importance of homeobox transcription factors in
the regulation of scarless wound healing. A further un-
derstanding of these processes will, it is hoped, enable
the targeting of speci¢c therapies in wound healing,
both to e¡ect scarless healing and to stimulate healing
in chronic, nonhealing wounds such as venous leg
ulcers. Key words: ¢broblast/homeobox gene/Prx-2/wound
healing. J Invest Dermatol 120:135 ^144, 2003
T
he healing of adult skin wounds is characterized by
the production of a scar tissue. In contrast, early fetal
wounds heal through a tissue regenerative process
leading to the absence of scar tissue (Siebert et al,
1990; Longaker and Adzick, 1991). The changes that
occur within these wounds are well documented and include an
absence of fetal in£ammation, alterations in the ratios and levels
of di¡erent cytokines, changes in extracellular matrix (ECM) de-
position, and the presence of phenotypically distinct populations
of cells such as ¢broblasts (Adzick and Lorenz, 1994). The bio-
chemical signals that control and coordinate these highly orche-
strated processes remain poorly de¢ned, however.
Fibroblasts play a pivotal and extensive role in wound healing,
ranging from the synthesis of ECM to mediating its remodeling,
by cytokine and metalloproteinase activity (Thomas et al, 1995).
The phenotype of ¢broblasts repopulating experimental wounds
in vivo has been shown to in£uence both wound healing re-
sponses and clinical outcome (Lorenz et al, 1992). Interestingly, it
has been shown that ¢broblasts from tissues that demonstrated
di¡erential wound healing responses in vivo (i.e., fetal, oral muco-
sal, and chronic wound tissues) exhibit di¡erential migration,
ECM reorganizational ability, and matrix metalloproteinase
(MMP) production in vitro (Burd et al, 1991; Stephens et al, 1996;
2001; Al-Khateeb et al, 1997; Ellis et al, 1997; Cook et al, 2000). It
therefore appears that ¢broblasts within the wound environment
are critical ‘‘e¡ector’’cells in the control of the repair process.
The homeobox genes are a large superfamily of developmental
genes that play a critical role in segment identity and pattern for-
mation during embryogenesis (Krumlauf, 1994). Homeobox
genes contain a region of 183 nucleotides that has been conserved
during evolution and encodes the 61 amino acid homeodomain.
The homeobox gene products are sequence-speci¢c DNA-bind-
ing proteins that are thought to function as transcription factors.
Binding to the DNA by virtue of the helix^turn^helix motif of
the homeodomain, they in£uence both gene activation and re-
pression (Thali et al, 1988). Regulation of homeobox gene expres-
sion involves the coordinated action of growth factors, cytokines,
and hormones (Scott and Goldsmith, 1993) inducing auto- and
allo-regulation through post-translational modi¢cations of the
homeodomain proteins and other transcription factors (Fainsod
et al, 1986; Jones et al, 1992). Homeobox genes are expressed
strongly in an organ- and stage-speci¢c pattern in human em-
bryos, ¢ndings that suggest their involvement in the control of
early fetal development (Mavilio et al, 1986).
The multilayered complexity of the skin suggests that its mor-
phogenesis involves the coordinated action of a number of genes.
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The expression of a number of homeobox genes in both fetal and
adult skin (Bieberich et al, 1991; Detmer et al, 1993; Rieger et al,
1994) suggests that these genes play an important role in skin de-
velopment. As skin homeobox gene expression may be associated
with the constant di¡erentiation necessary to maintain the epi-
dermis, it may therefore play an important role in the regenera-
tion of the dermis/epidermis following cutaneous injury, where
the coordinated expression of a number of genes is required to
achieve successful regeneration of the skin. Interestingly, our re-
cent studies have demonstrated that the human homeobox gene
PRX-2 is strongly upregulated in scarless fetal but not scarring
adult wound healing (Stelnicki et al, 1998). This upregulation was
demonstrated in the mesenchymal tissues on wounding ¢rst and
second trimester fetal skin but was una¡ected in adult skin
wounds. Using in situ hybridization for Prx-2 it was shown that
the source of this upregulation within the skin was the dermal
¢broblasts. Di¡erential homeobox gene expression was therefore
theorized to be important in mediating di¡erential ¢broblast re-
sponses during wound healing. The recent availability of viable
Prx-2 mutant mice (ten Berge et al, 1998) a¡ords the opportunity
to study the role of the Prx-2 homeobox gene in the control of
both fetal and adult cellular responses.
We investigated how functional alteration of Prx-2 expression
modulated ¢broblast responses. Using RNase protection analysis
we demonstrate that Prx-2 expression is involved in fetal but not
adult cellular responses in vitro. Then using ¢broblasts established
from homozygous (Prx-2/) mutant and wild-type (Prx-2þ /þ )
murine skin it was shown that Prx-2 a¡ects a number of ¢bro-
blast cellular and biosynthetic wound healing responses that are
implicated in the regulation of wound healing in vivo.These data
demonstrate how Prx-2 may contribute to the regulation of fetal,
but not adult, ¢broblasts and demonstrate ‘‘mechanisms’’ by
which Prx-2 expression may modulate ¢broblast function in tis-
sue repair.
MATERIALS AND METHODS
Animals and tissues Mice lacking a functional Prx-2 gene were
generated by homologous recombination in ES cells (ten Berge et al,
1998). A lacZ/PGK-Hygromycin cassette was inserted into an EagI site
located upstream from the homeobox, such that the lacZ-encoding
sequence was in-frame with the Prx-2-coding sequence. Upon
homologous recombination this allele expressed mRNA encoding the
¢rst 88 amino acids of the Prx-2 protein fused to b-galactosidase protein,
in a pattern identical to that of the Prx-2 mRNA.
Cultures of mouse skin ¢broblasts were established from specimens of
tissue obtained from fetal, time-mated (embryonic days 13.5^14.5) or adult
(6 mo to 1y) mice maintained under National Institutes of Health (U.S.A.)
guidelines and in accordance with the regulations and approval of the
University of California, San Francisco Committee on Animal Research.
Fetal and adult mice were sacri¢ced by asphyxiation with CO2. Fetal skin
samples were obtained from eviscerated, fetal mice that had their limbs and
tail removed. Adult skin samples of 2 cm 2 cm were harvested from the
backs of shaved adult mice.
Explant culture of fetal ¢broblasts Fetal ¢broblasts were isolated by a
colony outgrowth method. The tissue was minced and placed in one well
of a six-well tissue culture plate. A sterile, square coverslip was placed on
top to prevent the tissue from becoming detached from the plate and 3 ml
of ¢broblast-serum containing medium [F-SCM: Dulbecco’s modi¢ed
Eagle’s medium (DMEM) supplemented with L-glutamine (2 mM),
antibiotics (100 U per ml penicillin G; 100 mg per ml streptomycin sulfate;
0.25 mg per ml amphotericin B), and 10% (vol/vol) fetal bovine serum
(FBS); all from Life Technologies, Paisley, U.K.] was added. The cultures
were maintained at 371C in a 5% CO2 humidi¢ed atmosphere. The
coverslip was removed once the cells had migrated out from the tissue. At
con£uency, ¢broblasts were split at a ratio of 1:3. Cells were utilized for all
experiments between passages 3 and 12.
Single-cell culture of adult ¢broblasts Adult ¢broblasts were
established by a single-cell suspension technique following enzymatic
degradation of the specimens as previously described (Stephens et al, 1996).
Brie£y, tissue was incubated overnight with Dispase (2 mg per ml;
Boehringer Mannheim, Lewes, U.K.) to separate epidermal tissue from
the dermal tissue. Dermal tissue specimens were then disaggregated
overnight utilizing bacterial Clostridium histolyticum A collagenase (1 mg
per ml; Boehringer Mannheim). Fibroblast cultures were maintained in F-
SCM. The cultures were maintained at 371C in a 5% CO2 humidi¢ed
atmosphere. At con£uency, ¢broblasts were split at a ratio of 1:3. Cells
were utilized for all experiments between passages 3 and 12.
Fabrication of ¢broblast-populated collagen lattices (FPCLs) Fetal
or adult ¢broblast monolayer cultures were trypsinized and utilized to
construct FPCLs. The ¢broblasts were re-suspended in medium (F-SCM)
prepared with FBS that had been pretreated with Gelatin-A Sepharose (1
part Gelatin-A Sepharose to 5 parts FBS; Amersham Pharmacia Biotech,
St. Albans, U.K.) to remove endogenous MMP-2 and MMP-9 (Azzam
and Thompson, 1992). Type I rat-tail collagen was extracted as described
previously (Rowling et al, 1990). 1106 ¢broblasts (in 0.75 ml of F-SCM,
Gelatin-A Sepharose pretreated) were added to 53 mm bacteriologic grade
plates containing 3 ml of 2DMEM [40 parts 10DMEM, 10 parts
NaHCO3 (7.5% wt/vol), 4 parts L-glutamine (200 mM), 140 parts H2O,
and 5 parts NaOH (1 M)], 0.75 ml of 0.1 M NaOH, 0.75 ml of Gelatin-A
Sepharose pretreated FBS, and 2.25 ml of 1.7 mg per ml rat-tail type I
collagen (a total lattice volume of 7.5 ml). The FPCLs were incubated at
371C for 60 min to allow the collagen to polymerize. They were then
detached from the edge of the plate and 2 ml of F-SCM (Gelatin-A
Sepharose pretreated) was added. FPCLs were maintained at 371C in a
5% CO2 humidi¢ed atmosphere.
Measurement of FPCL contraction and collection of conditioned
medium (CM) As a circular shape is retained during contraction the
diameter of the contracting FPCL was measured from day 0 to day 7. The
degree of cell-mediated contraction was estimated from three separate
lattice diameter measurements. For each sample, experiments were
performed in triplicate. On days 1, 2, 3, and 7 after initial fabrication
500 ml of CM surrounding the lattices was collected from each individual
FPCL, combined, and stored at 201C for future analysis. Five hundred
microliters of F-SCM (Gelatin-A Sepharose pretreated) was added to
replace that collected.
RNA isolation FPCLs (n¼ 3) were removed from culture, blotted on
3MM ¢lter paper (5 min), snap-frozen in liquid nitrogen, and stored
at 701C. Total cellular RNA was isolated by a technique based on
the guanidinium thiocyanate method. FPCLs were disaggregated
mechanically in the presence of Ultraspect RNA solution (AMS
Biotech, Witney, U.K.). Total RNA was then extracted with chloroform
(Sigma, Poole, U.K.) and precipitated using isopropanol (Sigma). RNA
was also isolated directly from monolayer cultures. RNA concentrations
were determined by spectrophotometry and samples were stored at
701C for future analysis.
RNase protection assay RNase protection analysis was undertaken as
described previously (Detmer et al, 1993). Brie£y, antisense probes [a 240
nucleotide fragment of the murine cytoplasmic actin cDNA from
Ambion (Austin,TX) and a 400 nucleotide fragment of the murine Prx-2
cDNA lacking the homoebox region] were synthesized byT7 polymerase
(Promega, Southampton, U.K.) in the presence of 32P-labeled UTP
(Amersham Pharmacia Biotech), puri¢ed through 5% (vol/vol)
polyacrylamide/7 M urea gels, and eluted. Total RNA (10 mg of RNA
combined from n¼ 3 independent samples) was mixed with the test
probes and hybridized overnight at 651C. After digestion with RNase A
and T1 (Promega), the protected fragments were precipitated with
ethanol, separated by electrophoresis through sequencing gels, and
visualized by autoradiography. Autoradiographs were scanned and
analyzed using the Bio-Rad Molecular Analysis software (Bio-Rad,
Hemel Hempstead, U.K.) to quantitate Prx-2 expression, which was
normalized to the actin values. Positive controls involved the inclusion of
a plasmid containing the Prx-2 sequence; tRNA (Promega) was used as the
negative control.
Assay of ¢broblast proliferation in monolayers Fibroblast
proliferation in monolayers was assayed using the 3-[4,5-dimethylthiazol-
2-yl]-2,5 diphenyltetrazolium bromide (MTT; Sigma) dye-reduction assay
(Mosmann, 1983). Fibroblasts were recovered from culture by
trypsinization and placed in 96-well microtiter plates at a cell density of
5103 cells per well in F-SCM. After 24 or 72 h 25 ml of MTT (5 mg
per ml) was added to each well and the plates were incubated for 4 h at
371C. A hundred microliters of extraction bu¡er [10% (wt/vol) sodium
dodecyl sulfate (SDS)/0.5 M dimethylformamide; Sigma] was then
added to each well and the plates were incubated overnight at 371C.
The absorbance of each well was assessed using a Dynex MRX
136 WHITE ETAL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
spectrophotometer (Dynex Technologies, Billinghurst, U.K.) equipped
with a 550 nm ¢lter.
Cell attachment assay Cell attachment assays were performed as
described previously (Aumailley et al, 1989).Wells of a 96-well microtiter
plate were incubated overnight at 41C with a solution of either rat-tail
type I collagen (40 mg per ml; Rowling et al, 1990), human plasma
¢bronectin (20 mg per ml; Sigma), or human placental laminin (20 mg per
ml; Sigma) followed by blocking of nonspeci¢c binding by incubation
with 1% (wt/vol) bovine serum albumin (Sigma) for 4 h at 41C.
Fibroblasts were trypsinized and resuspended in complete growth
medium lacking FBS at a concentration of 1.5105 cells per ml. One
hundred microliters of cell suspension was added to individual wells and
the plate was incubated for 60 min at 371C in a 5% CO2 humidi¢ed
atmosphere. Nonadherent cells were removed by aspiration and the
remaining adherent cells were washed (phosphate-bu¡ered saline), ¢xed
with ethanol (70% vol/vol; 15 min), and stained with crystal violet (0.1%
wt/vol; 25 min; Sigma). Excess dye was removed by washing (¢ve times)
with distilled water and the stain was solubilized using 50 ml of 0.2% (vol/
vol) Triton X-100 (Sigma). The absorbance was read using a Dynex MRX
spectrophotometer equipped with a 550 nm ¢lter.
Assay of ¢broblast proliferation in FPCLS Fibroblast proliferation in
the collagen lattices was assessed using ‘‘scaled-down’’ FPCLs (containing
2104 cells in a total lattice volume of 400 ml) fabricated in 1% (wt/vol)
bovine serum albumin coated (to render them nonadherent) 24 -well
plates. Fibroblasts were recovered from ¢ve combined FPCLs by
enzymatic degradation as previously described (Stephens et al, 1996).
Brie£y lattices were solubilized by incubation for 60 min at 371C with
200 ml of phosphate bu¡ered saline containing 2 mg per ml collagenase.
Following incubation for 20 min at 371C with 100 ml of 0.05% (wt/vol)
Trypsin/0.53 mM ethylenediamine tetraacetic acid (Life Technologies) cells
were recovered by centrifugation and viable cell numbers were determined
by direct counting in a Neubauer hemocytometer using a 0.02% (wt/vol)
Trypan Blue solution (Sigma).
Zymographic analysis of CM To determine the relative amounts of
pro-enzyme and active MMP species produced by the ¢broblasts in the
FPCL systems gelatin zymography was employed. Equal volumes (15 ml)
of CM were electrophoresed through gelatin (2 mg per ml; Sigma)
containing 12% (vol/vol) SDS-polyacrylamide gels. SDS was removed by
soaking the gels in 2.5% (vol/vol) Triton X-100 (60 min at room
temperature) and MMPs were activated by incubation in activation bu¡er
(25 mM Tris pH 7.6, 5 mM CaCl2, 25 mM NaCl, 5% wt/vol Brij 35;
Sigma) overnight at 371C. Gels were stained with a Coomassie Blue
solution (0.05% wt/vol Coomassie Blue, 12% vol/vol acetic acid, 54%
vol/vol methanol; Sigma) and destained (5% vol/vol methanol, 7.5% vol/
vol acetic acid), and images of the gels were captured with a Bio-Rad gel
documentation system. MMPs were identi¢ed by the appearance of clear
bands and by calculation of relative molecular weights. Quantitation of
the MMP bands was undertaken using the Molecular Analyst software.
Controls involved running normal, nonconditioned F-SCM to establish
that any observed gelatinolytic activity was not due to the presence of
endogenous MMPs within the F-SCM.
Reverse zymographic analysis of CM Reverse zymography was
employed to determine the relative amounts of the tissue inhibitors of
matrix metalloproteinase (TIMP) species produced by the ¢broblasts in
the FPCL systems. Reverse zymography was performed in a similar
manner to zymography except puri¢ed MMP-2 (30 mg per ml; Coughlan
et al, 1998) was incorporated into a 14% (vol/vol) SDS-polyacrylamide gel
along with 1 mg per ml gelatin. TIMPs were identi¢ed by the appearance
of dark bands and by calculation of relative molecular weights.
Quantitation of the TIMP bands was undertaken using the Molecular
Analyst software. Controls involved running normal, nonconditioned
F-SCM.
Dimethylmethylene blue assay for the determination of sulfated
glycosaminoglycans in ¢broblast CM CM samples were initially
visually assessed by adding 200 ml of dimethylmethylene blue reagent
[1,9-dimethylmethylene blue (16 mg per ml; Sigma) in 40 mM glycine^
HCl, 42 mM NaCl; pH 3.0] to 40 ml of each of the samples to be assayed
(Farndale and Barrett, 1986). If a pink color was observed dilutions were
carried out to bring the samples into the blue-purple range (the linear
range of the assay). Forty microliters of the appropriately diluted samples
to be tested were added to a 96-well plate in triplicate and the plate was
read at 525 nm on a Dynex MRX microplate reader. Dimethylmethylene
blue reagent was then added (200 ml per well) and the plate was
immediately re-read at 525 nm. The sulfated glycosaminoglycan content
of each CM sample was calculated by reference to a standard curve (10^40
mg per ml chondroitin sulfate C; Sigma).
Uronic acid assay for the determination of hyaluronic acid (HA)
levels in ¢broblast CM Eight hundred microliters of concentrated
sulfuric acid (containing 120 mM sodium tetraborate; Sigma) was added
to 160 ml of each CM sample and incubated for 1 h at 801C (van den
Hoogen et al, 1998). After cooling to room temperature 40 ml of each
sample was added to a 96-well plate in triplicate. Background absorbance
was measured at 540 nm on a Dynex MRX microplate reader and 40 ml of
m-hydroxy diphenyl reagent [100 ml of m-hydroxy diphenyl in dimethyl
sulfoxide (100 mg per ml) mixed with 4.9 ml of 80% (vol/vol) sulfuric
acid just before use; Sigma] was added to each sample. After a 15 min
incubation at room temperature, the absorbance was re-read at 540 nm.
The uronic acid content of each CM sample was calculated by reference
to a standard curve (0^1000 mg per ml uronic acid; Sigma).
HA sizing Relative HA size was determined by gel ¢ltration
chromatography on a Sepharose CL-4B (Pharmacia, Uppsala, Sweden)
column (Meyer and Stern, 1994). Sepharose CL-4B beads were suspended
in chromatography bu¡er (50 mM Tris^HCl, 150 mM NaCl; pH 8.0) and
degassed for 30 min. A column (1 cm inner diameter) with a 35 ml bed
volume of Sepharose CL-4B beads was then poured and the beads were
packed by passing three column volumes of chromatography bu¡er
through the column. CM samples were freeze dried overnight (701C)
and resuspended in 2 ml of chromatography bu¡er. Each sample was
loaded onto the column and 1 ml fractions collected. Between samples
the column was washed with 150 ml of chromatography bu¡er. The
relative HA levels in each fraction were determined using the uronic acid
assay.
Collagen assay Assessment of collagen production by the ¢broblast
populations was undertaken utilizing the cold hydoxyproline method.
5105 ¢broblasts (in F-SCM) were seeded into each well of a 12-well
tissue culture plate and cultured to con£uence. F-SCM was replaced with
serum-free medium and the cells were cultured for a further 24 h. Cells
were then cultured in (i) serum-free medium, (ii) serum-free medium
containing human recombinant transforming growth factor b1 (TGF-b1)
(10 ng per ml; CHEMICON, Chandlers Ford, U.K.), or (iii) serum-
containing medium (F-SCM) for 72 h. Medium was supplemented with
50 mg per ml of ascorbic acid (Sigma) and 0.2 mM proline (Sigma) with
the ascorbic acid replenished after every 24 h. After 72 h the medium and
cells from three wells were combined and used for analysis of collagen
production; a fourth well was used for cell counting.
Proteins in the cell/medium suspension were precipitated by the
addition of ice-cold absolute ethanol (Sigma) to a ¢nal concentration of
67% (vol/vol) and storage at 41C overnight. Precipitated protein was
collected by vacuum ¢ltration and hydrolyzed in 6 M HCl at 1101C for 16
h. Hydrolyzed proteins were evaporated, washed (1distilled water), re-
evaporated, and resuspended in 1 ml distilled water. Samples (100 ml) were
made up to 2 ml with distilled water and 1 ml of 0.06 M chloramine-T
reagent (made up from a solution of 20.7 ml distilled water, 26 ml n-
propanol, and 53.3 ml 0.26 M citric acid/1.46 M sodium acetate bu¡er, pH
6.0; all from Sigma) was added. After 20 min at room temperature 1 ml of
p-dimethyl-amino-benzaldehyde reagent [1.2 M p-dimethyl-amino-
benzaldehyde (Sigma) made up in 60 ml n-propanol and 26 ml perchloric
acid (60% vol/vol; Sigma)] was added and the samples were incubated
at 601C for 15 min after vigorous shaking. The absorbance of each sample
was read using a Dynex MRX spectrophotometer equipped with
a 550 nm ¢lter and the hydroxyproline content was calculated from a
hyroxyproline standard curve (0^100 mg per ml of trans-4-hydroxy-L-
proline; Sigma). Collagen content of the samples was assumed to be 6.94
times the hydroxyproline content.
Statistical analysis Statistical analysis was performed using the Student’s
t test.
RESULTS
Fetal ¢broblasts demonstrate increased expression of the
homeobox gene Prx-2 in monolayer and upregulation
in three-dimensional culture compared to adult ¢bro-
blasts To con¢rm our previous ¢ndings that Prx-2 expression
was involved with fetal, but not adult, ¢broblast responses
(Stelnicki et al, 1998) RNase protection assays were carried out
on adult and fetal Prx-2 wild-type murine ¢broblasts
maintained under a number of culture conditions. Monolayer
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cultures of fetal ¢broblasts demonstrated expression of the Prx-2
gene, which was upregulated when the cells were cultured in
either attached or £oating collagen lattice systems (Fig 1A, B).
Little evidence of Prx-2 expression was observed when adult
¢broblasts were cultured as monolayers and no upregulation of
expression of this gene was observed when the cells were
cultured in three-dimensional ECM environments. Low level
Prx-2 gene expression could be demonstrated in adult tissues,
however, by the more sensitive reverse transcription polymerase
chain reaction method (data not shown).
Absence of Prx-2 expression has no e¡ect on ¢broblast
morphology or size To study the e¡ects that the
homeodomain proteins could have on cellular responses both
fetal and adult ¢broblasts were isolated from Prx-2 knockout
and wild-type murine tissues. Culture of all ¢broblasts was
achieved in monolayer, all cells exhibiting a typical elongated,
bipolar or stellate ¢broblast morphology (data not shown). In
both fetal and adult cells homologous deletion of the Prx-2 gene
had no e¡ect on cell size/area (p40.1; data not shown) as assessed
using the Molecular Analyst software.
Deletion of the Prx-2 gene reduces fetal but not adult
¢broblast proliferation Fibroblast proliferation within the
wound tissues is a crucial part of the wound healing process.
Therefore, the cellular proliferative rates of ¢broblasts isolated
from both fetal and adult Prx-2þ /þ and Prx-2/ mice was
assessed using the MTT assay. All ¢broblasts proliferated over
the time course of the experiment; however, Prx-2/ fetal
¢broblasts demonstrated a reduced proliferative rate compared
with their wild-type (Prx-2þ /þ ) controls (Fig 2A, po0.05). In
contrast, no proliferation di¡erences were observed between Prx-
2þ /þ and Prx-2/ adult ¢broblasts (Fig 2B, p40.1).
Figure1. Compared to adult ¢broblasts fetal ¢broblasts demon-
strated increased expression of the homeobox gene Prx-2 in mono-
layer and upregulation in three-dimensional culture. (A) Prx-2 and
cytoplasmic actin RNase protection analysis of RNA extracted from fetal
or adult wild-type murine ¢broblasts (n¼ 3 RNA samples combined)
maintained in monolayer culture MONO, £oating collagen lattices (Flt),
or attached collagen lattices (Att). (B) Densitometric analysis of Prx-2
RNase protection analysis normalized to actin.
Figure 2. Deletion of the Prx-2 gene reduced fetal but not adult
¢broblast proliferation. Fibroblasts isolated from both (A) fetal and
(B) adult Prx-2+/+ and Prx-2/ mice were placed in 96-well microtiter
plates at a density of 5103 cells per well and incubated for 24 or 72 h.
Proliferation was assessed by the MTT dye-reduction assay and calculated
as the percentage increase in absorbance at day 3 relative to day 1. Values
represent the mean7SEM (nX3).
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Absence of Prx-2 expression has no e¡ect on cellular
attachment to ECM molecules During wound healing
¢broblasts interact with numerous ECMs so the ability of these
cells to attach to type I collagen, ¢bronectin, and laminin was
investigated. All ¢broblasts demonstrated attachment to the
three ECM proteins. Although Prx-2/ fetal ¢broblasts
exhibited somewhat increased adherence to all these substrates,
these values were not statistically signi¢cant compared to Prx-
2þ /þ cells (Fig 3A, p40.1). Adult ¢broblasts exhibited no
statistically signi¢cant di¡erences in their ability to attach to
collagen, ¢bronectin, or laminin substrates (Fig 3B, p40.1).
Deletion of the Prx-2 gene a¡ects fetal but not adult
¢broblast ECM reorganizational ability Cells cultured
within three-dimensional matrices are considered to represent
models of cellular interaction with ECM in vivo (Grinnell, 1994).
In addition, it is accepted that the FPCL is useful in modeling
¢broblast reorganizational ability in vitro (Bell et al, 1979; Burd et
al, 1991; Stephens et al, 1996; Cook et al, 2000). Fibroblasts seeded
into FPCLs typically demonstrated an initial rapid period of
lattice reorganization followed by a leveling out at the
maximum reorganization potential of the cells. Fetal Prx-2/
¢broblasts demonstrated a signi¢cant increase in both their
initial rate and overall extent of reorganization of the lattice
compared to wild-type controls (Fig 4A, po0.01). When the
corresponding adult Prx-2þ /þ and Prx-2/ ¢broblasts were
investigated in this system no signi¢cant di¡erences were
observed, in either the initial rate or overall extent of lattice
reorganization (Fig 4B, p40.1).
Figure 3. Absence of Prx-2 expression had no e¡ect on either fetal
or adult cellular attachment to ECM molecules. (A) Fetal and (B)
adult Prx-2+/+ and Prx-2/ murine ¢broblasts (1.5104 cells per well)
were added to type I collagen (40 mg per ml), ¢bronectin (20 mg per ml),
or laminin (20 mg per ml) coated wells of a 96-well microtiter plate for 60
min. Following ¢xation, staining, washing, and extraction the absorbance
was measured at 550 nm.Values represent the mean7SEM (nX4).
Figure 4. Deletion of the Prx-2 gene increased fetal but not adult
¢broblast ECM reorganizational ability independent of cell prolif-
eration. Cultured (A) fetal and (B) adult Prx-2 knockout and wild-type
¢broblasts were seeded into type I collagen lattices (starting collagen
concentration 1.7 mg per ml) at a cell density of 1106 cells per 53 mm
bacteriologic grade plate. Diametric contraction was measured over a peri-
od of 7 d. Values represent the mean7SEM (nX6). Cultures of (C) fetal
and (D) adult Prx-2 knockout and wild-type ¢broblasts were seeded into
‘‘scaled down’’ type I collagen lattices at a cell density of 2104 cells per
well of a 24-well plate. At 1, 2, and 7 d ¢ve lattices were pooled and
subjected to collagenase digestion and viable cell counts were performed.
Values represent the mean7SEM (n¼ 3).
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Di¡erences in reorganizational ability could simply be
explained by di¡erences in the respective numbers of cells
within the lattices due to di¡erences in cellular proliferation.
Therefore, parallel FPCLs were digested with collagenase and
cell numbers were determined by direct cell counting. In both
fetal and adult cultures disruption of the Prx-2 gene had no
signi¢cant e¡ect on cell number within the lattices over a 7 d
period (Fig 4C, D, p40.1).
Absence of Prx-2 expression a¡ects fetal ¢broblast MMP
levels We have recently demonstrated that di¡erences in ECM
reorganization are related to di¡erential MMP and TIMP
production by ¢broblast populations (Cook et al, 2000; Stephens
et al, 2001). MMP and TIMP levels were therefore investigated in
CM collected from the FPCL systems over a 7 d period.
Zymographic analysis demonstrated that CM contained a
number of enzymatic species including the pro- and active
forms of MMP-2 (72 and 62 kDa, respectively) and a higher
molecular weight species that may possibly represent MMP-2
bound to TIMP (Fig 5A, B). The identity of these species was
con¢rmed with inhibition and activation studies with
ethylenediamine tetraacetic acid and 4-aminophenylmercuric
acetate, respectively (data not shown). Pro-MMP-2 was evident
at 24 h and increased in both fetal and adult ¢broblast CM
(regardless of genotype) over the 7 d period of study (Fig 5A,
B). Semi-quantitative densitometric analysis of multiple,
independent time course CM samples (n¼ 3) demonstrated that
homologous deletion of the Prx-2 gene in fetal, but not adult,
¢broblasts signi¢cantly increased the levels of the pro-enzyme
form of MMP-2 over the early time points of lattice
reorganization compared to their wild-type counterparts (Fig
5C, D, po0.05 and p40.1, respectively). Active MMP-2 was
typically not observed until day 7; however, no signi¢cant
intragenotypic di¡erences in the activity of this enzyme were
demonstrated for fetal or adult ¢broblasts (Fig 5E, F, p40.1 and
p40.1, respectively).
As MMP activity is directly controlled by the TIMPs,TIMP-1
and TIMP-2 levels within the CM were investigated by reverse
zymography. Both adult and fetal ¢broblasts secreted TIMP-1
(28 kDa) and TIMP-2 (21 kDa) into the CM at relatively stable
levels over the 7 d time course (Fig 6A, B). Semi-quantitative
densitometric analysis of multiple, independent time course CM
samples (n¼ 3) demonstrated that, irrespective of donor age,
disruption of the Prx-2 gene had no signi¢cant e¡ect on either
TIMP-1 (data not shown; p40.1 and p40.1) or TIMP-2 (data
not shown; p40.1 and p40.1) levels.
Deletion of Prx-2 increases total HA production by fetal
¢broblasts HA is known to be important in directing cellular
responses during many phases of the wound healing process
(Ahlgren and Jarstrand, 1984; Rooney and Kumar, 1993; West et
al, 1997). HA levels were therefore investigated in CM collected
from the FPCL systems over a 7 d period. HA was synthesized
by both fetal and adult ¢broblasts in these systems. Disruption
of the Prx-2 gene in fetal ¢broblasts signi¢cantly increased total
HA production at early time points (days 1 and 3) compared with
wild-type fetal ¢broblasts (Fig 7A, po0.005 and po0.05,
respectively). No such alterations in HA levels were observed in
adult ¢broblasts fromwhich Prx-2 was deleted, however (Fig 7B,
p40.1). As di¡erences in total HA levels were demonstrated
between fetal Prx-2 knockout and wild-type ¢broblast CM,
analysis of HA size was investigated by gel ¢ltration
chromatography. Disruption of the gene in both fetal and adult
cells failed to cause a shift/alteration in the elution pro¢les of the
glycosaminoglycan suggesting no di¡erence in the size of the HA
molecules synthesized (Fig 7C, D).
Absence of Prx-2 expression has no e¡ect on cellular
collagen production The observation that deletion of Prx-2
e¡ected fetal ¢broblast production of the ECM molecule HA
led to an investigation of the e¡ects of this homeobox gene on
Figure 5. Absence of Prx-2 expression a¡ects fetal ¢broblast MMP
levels. Zymography of CM from type I collagen lattices seeded with (A)
fetal or (B) adult Prx-2+/+ and Prx-2/murine ¢broblasts (1106 cells per
lattice). Lanes 1^4, CM from Prx-2 wild-type ¢broblasts (days 1, 2, 3, and 7,
respectively). Lanes 5^8, CM from Prx-2 knockout ¢broblasts at the same
time points. Densitometric analysis of (C, E) fetal or (D, F) adult Prx-2+/+
and Prx-2/ ¢broblast relative pro-enzyme and active MMP-2 levels in
CM after 7 d in culture in a type I collagen lattice. Values represent the
mean7SEM (n¼ 3).
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collagen production (Fig 8). Collagen production in both adult
and fetal Prx-2þ /þ and Prx-2/ ¢broblasts was stimulated by
the inclusion of either TGF-b1 (10 ng per ml) or 10% (vol/vol)
serum in the ¢broblast medium. Prx-2 gene deletion, however,
had no e¡ect on TGF-b1- or serum-stimulated collagen
production in either fetal or adult ¢broblasts (p40.1).
DISCUSSION
This study has demonstrated that disruption of the Prx-2 homeo-
box gene by homologous deletion a¡ects numerous fetal, but not
adult, ¢broblast responses. These ¢ndings are consistent with our
previous observation that Prx-2 is predominantly involved in fetal
cellular responses but is strongly downregulated in adult ¢bro-
blasts (Stelnicki et al, 1998). This fetal restricted expression of
Prx-2 was con¢rmed by RNase protection analysis of fetal and
adult murine ¢broblasts cultured under di¡erent conditions.
Compared to the moderate Prx-2 expression detected in fetal cell
monolayers, the culture of fetal but not adult ¢broblasts in three-
dimensional collagen lattices resulted in strong upregulation of
gene expression. Other workers have also demonstrated upregu-
lation of transcription factors such as nuclear factor kB in these
systems suggesting their importance in control of gene expression
during three-dimensional ECM remodeling (Xu et al, 1998). This
is the ¢rst description of the upregulation of a homeobox gene in
these culture systems, however. Trans-activation of Prx-2 by cul-
ture of the cells in such ‘‘tissue-like’’ environments supports the
previous ¢ndings that the gene is expressed at increased levels in
fetal skin compared to adult skin (Stelnicki et al, 1998).
The ¢nding that ¢broblast proliferation was decreased by dele-
tion of the Prx-2 gene is in keeping with previous work, which
has implicated homeobox genes as regulators of proliferation in a
wide range of cells including bone marrow and melanoma cells
(Perkins et al, 1990; Care et al, 1996; Lawrence et al, 1996). Cellular
proliferation is a vital response during wound healing. Disrup-
tion of Prx-2 resulted in decreased proliferation of only fetal ¢-
broblasts, which directly implicates this transcription factor in
control of fetal cell growth. This ¢nding complements previous
studies that not only identi¢ed Prx-2 expression within ¢broblast
populations (De Jong and Meijlink, 1993) but also demonstrated
that the rapid proliferation of ¢broblasts within fetal wounds was
associated with upregulation of this gene (Stelnicki et al, 1998). It
is plausible that increased expression of Prx-2 drives fetal ¢bro-
blast proliferation making these cells the predominant early cell
type within the wound rather than in£ammatory cells, which
are the principal early components of scarring wounds (Lorenz
et al, 1995). The increased presence of these fetal ¢broblasts may
in turn enable the orchestrated production and laying down of
an ECM environment that is structured and typical of regener-
ated tissues rather than of disordered scar tissue.
Figure 6. Absence of Prx-2 expression had no e¡ect on either fetal
or adult ¢broblast TIMP levels. Reverse zymography of CM from type
I collagen lattices seeded with (A) fetal or (B) adult Prx-2+/+ and Prx-2/
murine ¢broblasts (1106 cells per lattice). Lanes 1^4, CM from Prx-2
wild-type ¢broblasts (days 1, 2, 3, and 7, respectively). Lanes 5^8, CM from
Prx-2 knockout ¢broblasts at the same time points.
Figure 7. Deletion of Prx-2 increases total HA production by fetal,
but not adult, ¢broblasts but has no e¡ect on HA size. Uronic acid
analysis of HA in CM obtained from type I collagen lattices seeded with
(A) fetal or (B) adult Prx-2+/+ and Prx-2/murine ¢broblasts (1106 cells
per lattice) over a period of 7 d.Values represent the mean7SEM (n¼ 3).
Gel ¢ltration chromatography elution pro¢les of CM obtained from type I
collagen lattices seeded with (C) fetal or (D) adult Prx-2 knockout and
wild-type murine ¢broblasts (1106 cells per lattice) after 7 d. Values re-
present the mean (n¼ 3; error bars have been excluded for clarity).
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Although cellular proliferation is clearly important in response
to injury, ¢broblast interaction with the ECM, repopulation of
the wound, and subsequent remodeling of the ECM components
are important in determining clinical outcome (i.e., scarring).
Following wounding these are mediated via alterations in ¢bro-
blast phenotype, i.e., the production of MMPs and TIMPs and
the acquisition of myo¢broblastic characteristics (Thomas et al,
1995; Desmouliere and Gabbiani, 1996). In our experiments ¢bro-
blast ECM remodeling was investigated using the three-dimen-
sional collagen lattice system. It was demonstrated that disruption
of Prx-2 increased the reorganizational ability of fetal, but not
adult, ¢broblasts independent of cellular proliferation within the
systems. Previous studies by ourselves and others have demon-
strated that the ability to reorganize/remodel the ECM in vitro is
directly related to the clinical pattern of wound healing observed
in vivo (Burd et al, 1991; Cook et al, 2000; Stephens et al, 2001).
Fibroblasts associated with scarless wound regeneration (i.e., fetal
¢broblasts) demonstrated increased ECM reorganization com-
pared to cells associated with scarring wound healing (i.e., adult
¢broblasts; Burd et al, 1991). The increased ECM reorganization
exhibited by the fetal Prx-2/ ¢broblasts is somewhat in contrast
to this theory. Theoretically, compensational upregulation of the
closely related paired-class homeobox gene, Prx-1, may account
for this e¡ect. Prx-1 has been detected in skin and been demon-
strated to function cooperatively with Prx-2 during craniofacial
development, as Prx-1 (but not Prx-2) loss-of-function mutants
demonstrate skeletal defects. Prx-1/Prx-2 double mutants,
however, demonstrate many novel abnormalities in addition to
an aggravation of the Prx-1 single mutant phenotype (ten Berge
et al, 1998; Lu et al, 1999). The e¡ects of possible upregulation of
Prx-1 in our systems remains to be investigated. Furthermore,
the downstream targets of homeodomain proteins such as Prx-2
are only now becoming known. As the Prx-2 protein can func-
tion as a transcriptional repressor,1 it is plausible that disruption of
this gene e¡ectively releases some negative gene regulation lead-
ing to the observed cellular e¡ects.
The observed alterations in FPCL reorganization may arise due
to changes in the ability of the cells to interact with their ECM
environment. Such interactions are mediated through the pre-
sence of cell surface receptors such as the integrins (Clark and
Brugge, 1995; Palecek et al, 1996; Holly et al, 2000). Indeed, it has
already been demonstrated that the gene targets of some home-
odomain proteins are molecules involved in cellular adhesion
such as E-cadherin, neural cell adhesion molecule, and the integ-
rin a5b3 (Jones et al, 1992; Boudreau et al, 1997; Cillo et al, 1999;
Sander et al, 2000). Cellular adhesion may also be indirectly con-
trolled through the regulation by homeodomain proteins of
growth factors such as ¢broblast growth factor (Care et al, 1996).
In this study, however, investigation of ¢broblast attachment to
type I collagen, ¢bronectin, and laminin revealed that disruption
of Prx-2 had no e¡ect on the adhesive properties of either adult or
fetal ¢broblasts. Although direct e¡ects on integrin expression
cannot be de¢nitively ruled out homeodomain protein control
of integrin expression has been linked previously to di¡erential
cellular attachment to ECM components (Taniguchi et al, 1995).
These results therefore imply that the increased ECM reorganiza-
tional ability of Prx-2/ fetal ¢broblasts is not mediated through
altered attachment of these cells to their surrounding ECM en-
vironment. This is in agreement with our previous investigations
(Stephens et al, 1996; Cook et al, 2000).
A putative mechanism for FPCL reorganization involves
movement of the ¢broblasts through the collagenous environ-
ment (Ehrlich and Rajaratnam, 1990). Di¡erential expression of
MMPs and TIMPs within the lattice environment by the ¢bro-
blasts could result in di¡erences in collagen dissolution, cell mi-
gration, and therefore the reorganization of the ECM
environment observed in vitro. Moreover, we and others have al-
ready demonstrated that ECM reorganization within the in vitro
FPCL system is related to levels of the MMPs andTIMPs (Seltzer
et al, 1994; Tomasek et al, 1997; Deryugina et al, 1998; Haas et al,
1998; Cook et al, 2000; Stephens et al, 2001). MMPs are upregu-
lated within three-dimensional lattice systems and reorganization
is, in part, dependent upon formation at the cell surface of a tri-
meric complex composed of activated membrane type 1 MMP,
TIMP-2, and pro-MMP-2 (Strongin et al, 1995; Deryugina et al,
1998).
Deletion of the Prx-2 gene signi¢cantly increased fetal but not
adult ¢broblast levels of the pro-MMP-2 form (but did not a¡ect
overall active MMP-2 levels). As the homeodomain proteins are
thought to function by regulating transcription, one might an-
ticipate changes in the initial transcribed product (pro-MMP-2)
but not necessarily in the activated form of MMP-2, which is
probably regulated by post-translational mechanisms. Indirect
evidence for homeodomain protein control of MMP activation
comes from work with endothelial cells, which demonstrated
that Hoxd3 regulates urokinase-type plasminogen activator ex-
pression during angiogenesis (Boudreau et al, 1997). Furthermore,
investigations have demonstrated that transcription factors such as
the Ets family can regulate the expression of numerous MMPs
including MMP-1 and MMP-2 (Chapman et al, 1999; Jayaraman
et al, 1999; Westermarck and Kahari, 1999). These changes in
MMP-2 were independent of changes in overall TIMP levels in
fetal ¢broblasts. Notwithstanding, it appears that disruption of
Prx-2 does have an e¡ect on MMP-2 levels. How these di¡er-
ences in the pro-enzyme form of MMP-2 relate to di¡erential
ECM reorganization is unclear but subtle di¡erences in cell sur-
face activation of the pro-form may take place that were not de-
tected in our assay system.
Cellular migration and wound healing outcome is also in£u-
enced by the levels and size of the HA molecules present within
the ECM environment (Schor et al, 1996). HA production in re-
sponse to disruption of Prx-2 was therefore investigated. Signi¢-
cant e¡ects were only observed in fetal cells, with Prx-2/
¢broblasts demonstrating increased production of HA during
the ¢rst few days in culture. This corresponds to a time point
when active and rapid reorganization of the collagen lattice is tak-
ing place and lends further support to the notion that increased
cellular migration could be responsible for the increased ECM
reorganization. E¡ects on the biosynthesis of ECM molecules
have already been attributed to Prx-2. This transcription factor,
along with Prx-1, trans-activates tenascin-C expression in smooth
muscle cells and is involved in hypertension of pulmonary ar-
teries suggesting an involvement in tissue remodeling.2 This
Figure 8. Absence of Prx-2 has no e¡ect on ¢broblast collagen pro-
duction. The cold hydroxyproline method was utilized to determine the
collagen production levels of fetal and adult Prx-2+/+ or Prx-2/ murine
¢broblasts in the presence of serum (10% vol/vol) or TGF-b1 (10 ng per
ml).Values represent the mean7SEM (n¼ 3).
1Norris RA, Kern MJ: Functional characterization of domains important
for transcriptional regulation by the Prx1 and Prx2 homeoproteins. Mol
Biol Cell 10:556, 1999 (Abstr.)
2Gates AT, Jones FS, Oakey RJ, Rabinovitch M, Jones PL: Regulation of
tenascin-C by paired-related homeobox genes prx1 and prx2. Mol Biol Cell
10:2002, 1999 (Abstr.)
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evidence would suggest a role for Prx-2 in the control of ECM
production implicating this gene in a vital part of the wound
healing process. Although total HA production was increased in
the Prx-2/ ¢broblasts, there was no change in the size of the
HA produced.
Alterations in the production of HA by the di¡erent cell popu-
lations led to an investigation of collagen production by the cells
as this family of ECM proteins is also vital to a successful wound
healing response. Deletion of Prx-2 in both fetal and adult ¢bro-
blasts had no signi¢cant e¡ect on TGF-b1 or serum stimulation
of collagen production by the cells. This was despite reports that
Prx-2 (and Prx-1) binds with high a⁄nity to the bone-directed
element of the COL1A1 promoter.3 It was interesting to demon-
strate that deletion of the homeobox gene Prx-2 had no e¡ect on
TGF-b stimulation of collagen production as the TGF-b super-
family is known to play such an important role in the induction
of ECM production and scar formation (O’Kane and Ferguson,
1997). In adult wounds within 1 d of injury levels of TGF-b1 and
TGF-b2 increase rapidly, withTGF-b3 only increasing a few days
postwounding when TGF-b1 levels are decreasing. This suggests
some cross-regulation of the TGF-b1 and TGF-b3 isoforms dur-
ing wound healing.Within fetal wounds the lack of a signi¢cant
in£ammatory response leads to altered cytokine and TGF-b pro-
¢les resulting in scarless wound repair (Adzick and Lorenz, 1994).
These ¢ndings have led to the demonstration that antibodies to
either TGF-b1 or TGF-b2, or TGF-b3 itself, can lead to the re-
duction of scarring of adult wounds (Shah et al, 1994; 1995).
Furthermore, as the Smad pathway is involved in TGF-b signal-
ing (reviewed inVerrecchia and Mauviel, 2002) and Sp1 can inter-
act with Smad proteins to enhance collagen expression (Inagaki
et al, 2001), altering the function of Sp1 may o¡er an alternative
method to control the pro-¢brotic/scarring activities of TGF-b
(Verrecchia and Mauviel, 2002). Further investigations are needed
to fully elucidate whether Prx-2 does indeed have a direct or in-
direct role in the control of TGF-b-stimulated cellular responses
during wound healing.
These investigations have demonstrated the importance of the
homeobox gene Prx-2 in contributing to the regulation of fetal,
but not adult, cellular wound healing responses. Deletion of Prx-
2 signi¢cantly decreased important fetal ¢broblast responses
implicated in fetal wound healing, i.e., proliferation and MMP
production, although, interestingly, other responses (such as
ECM reorganization and HA production) were actually stimu-
lated by the loss of Prx-2 gene expression. This study provides
further evidence for the importance of homeodomain transcrip-
tion factors in the regulation of fetal wound healing responses. A
further understanding of these processes will, it is hoped, enable
the targeting of speci¢c therapies in wound healing, both to e¡ect
scarless healing and to stimulate healing in chronic nonhealing
wounds such as venous leg ulcers.
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